This letter introduces a joint design method for uplinkdownlink multiple-input multiple-output (MIMO) relay communication systems in which the source nodes transmit information to the destination nodes with the help of a relay. We propose a signal forwarding schceme based on the minimum mean-square error (MMSE) approach in uplink relay systems. Exploiting the duality of relay systems, we also propose a relaying scheme for downlink relay systems. Simulation results confirm that the proposed joint design method improves the performance of the relay systems compared with that of conventional relaying schemes in uplink and downlink MIMO relay systems. key words: minimum mean squre error (MMSE), relay, MIMO, duality 
Introduction
A wireless communication network comprises a number of nodes connected by wireless channels. The use of relay transmission is an important technique to widen network coverage and to increase the capacity of the sourcedestination communication systems [1] . A great deal of research on wireless relay networks has been performed, but most studies considered systems in which each node has only a single antenna.
Sources, relays, and destinations can be equipped with multiple antennas to enhance the overall system performance. For systems with one source-destination pair and one relay node in the network, several schemes have been developed based on the MMSE criterion [2] - [4] . The authors in [2] proposed a relay-destination joint optimization scheme, and the authors in [3] , [4] researched source-relaydestination joint design schemes. Especially, a suboptimal closed form solution was obtained in [4] .
For uplink relay systems (multiple sources exist) or downlink relay systems (multiple destinations exist), source-relay-destination joint optimization is known to be difficult to solve. To obtain a relay solution, a conventional MMSE filter is simply applied only at the relay side in [5] , and a source-relay-destination joint design, which minimizes the MSE, is proposed for downlink relay systems in [6] . In this letter, we consider both uplink and downlink relay systems. Each node in the network is equipped with multiple antennas. Based on the result in [4] , we provide a suboptimal joint design scheme for uplink relay systems. In addition, we design downlink relay systems by exploiting the uplink and downlink duality of relay systems [7] . We use two power constraints: 1) a power constraint at the relay node, and 2) a power constraint at the source node (or nodes). Simulation results show that the proposed joint design method improves the overall system performance compared with that of conventional relaying schemes.
This letter is organized as follows. Section 2 shows a system model that considers wireless relay networks. Section 3 presents the proposed relaying scheme for use in uplink relay systems and Sect. 4 designs the downlink relay systems by using the results obtained in Sect. 3. Section 5 outlines the simulation results. Finally, Sect. 6 draws conclusions.
Notations: Boldface capital letters and lowercase letters denote matrices and vectors, respectively. The super-
, and E (·) denote transpose, Hermitian, inversion, pseudo-inversion, and expectation operations, respectively. A 0 denotes that a matrix A is positive semidefinite and tr(·) denotes the trace. I N is an identity matrix of size N × N and blkdiag (A 1 , · · ·, A N ) denotes a block diagonal matrix that consists of A 1 , · · ·, A N . A random vector whose entries are taken from a complex normal distribution with a mean m and a covariance matrix R is denoted by x ∼ CN(m, R).
System Model
Let us consider two-hop uplink and dual downlink relay systems shown in Fig. 1 . In the uplink relay system, K Copyright c 2012 The Institute of Electronics, Information and Communication Engineers source nodes transmit N S data streams to the destination node through the relay node. Each source node has L antennas, the relay node is equipped with M antennas, and the destination node has N antennas. In the dual downlink systems, the source node transmits N S data streams to K destination nodes, and the source node has N antennas, the relay node is equipped with M antennas, and each destination node has L antennas.
In the uplink relay systems, we denote the M × KL channel matrix between the K source nodes and the relay node by G, while H is the N × M channel matrix between the relay node and the destination node. The Hermitian matrices of H and G, H H and G H , are channel matrices of the dual downlink relay systems (see Fig. 1 ). Each element of the channel matrices follows CN(0, 1).
The received signals at the destination node (or nodes) in the uplink and the downlink relay systems can be represented as follows:
where T and F are the source and the relay precoders in the uplink relay systems, andT andF are the source and the relay precoders in the downlink relay systems. The transmitted data symbol s is an N S × 1 vector with zero mean and E ss H = I N S , n d is a noise vector at the destination node in the uplink systems,ñ d is a noise vector at the destination nodes in the downlink systems, and n r is a noise vector at the relay node. Each element of the noise vectors follows CN(0, σ 2 ). The N × N S matrix W and the KL × N S matrix W are used to receive signals in the uplink and downlink relay systems, respectively:
Joint Source-Relay-Destination Design for Uplink Relay Systems
In this section, we propose a relaying scheme for the uplink relay systems. To jointly design T, F, and W, we adopt the trace of the MSE matrix as our performance metric. The MSE matrix, which represents the covariance matrix of the symbol detection errors of data streams, is defined as
By using (1) and (3), the MSE matrix M can be represented as a function of T, F, and W:
where
The optimization problem for minimizing the MSE under the power constraints is written as
where P s is the power constraint at the sources and P r is the power constraint at the relay. For given T and F, the MMSE equalizer W is described as
From (5) and (9), we obtain the following result:
Now, we let F as F = Q t Q r , where Q r is an N s × M relay receiver matrix and Q t is an M × N s relay transmitter matrix. Q r can then be represented as follows (see [4] ):
By using (11) and the matrix inversion lemma, M (Q t , T) can be decomposed as
where J = Q r GT,
and R Q r is the covariance matrix of the output signals at the relay receiver Q r , i.e.,
In (12), R −1 Q r J is equivalent to the identity matrix, and thus we finally obtain the following result:
If it is assumed that 1/σ 2 goes to infinity, then R Q r rapidly goes to the identity matrix. In this case T and Q t can be designed independently. Thus, the optimization problem in (7) can be divided into two minimization problems as follows:
and min
In (15), T = blkdiag (T 1 , · · ·, T K ) is a block diagonal matrix, where T k for k = 1, · · ·, K is a source precoder at the k-th source. Let G i is the channel matrix between the i-th source and the relay. After some manipulations [8] , the trace of the MSE matrix in (15) can be rewritten as
Therefore, the optimization problem in (15) is equivalent to minimizing the last term in (17), i.e.,
tr T i ≤ P s , and T i 0.
The above problem is convex and can be solved by a primal-dual interior point method, and it is also possible to obtain the solution when the power constraint is given for each source node, i.e., tr T i ≤ P s,i for i = 1, · · ·, K [9] . Notice that only the channel information between the relay and the source nodes, G, is required to obtain T at the source nodes.
Note that by a singular value decomposition, H and R Q r are decomposed as H = U H Λ H V H H and R Q r = U R Λ R U H R , respectively. Λ H and Λ R are matrices with nonnegative entries along the main diagonal and are arranged in decreasing order.
For a given T, the cost function of the optimization problem (16) is minimized when
has a diagonal structure, because the trace function is a Schur-concave function [4] . Therefore, it can be assumed that the optimal Q t is in the form of Q t = V H,N S Λ Q U Fig. 2 Achievable sum rate vs SNR in the uplink systems.
From (24), (25), and (26), we obtain
which is a system of N S linear equations and can be easily solved to obtain the values of p k for k = 1, · · ·, N S . The constant c is then obtained from (26) such that the transmission power at the relay node is constrained to P s (P r = P s ). It can be shown that, similarly to [7] , the power consumed by the source node is P r (P s = P r ). Notice that the destination nodes require only the channel information G to obtaiñ W in the proposed scheme.
Numerical Results
In this section, we investigate the performance of the proposed scheme. Consider the uplink relay systems with K = 2, L = 2, M = 4, N = 2, and N S = 2 and the dual downlink relay systems. In Fig. 2 , we show the achievable sum rate of the proposed and other schemes as S NR (= P r /σ 2 = P s /σ 2 = P/σ 2 ) in the uplink relay systems. The notations, 'woSD' and 'AF' denote the MMSE-based relaying scheme proposed in [5] and the simple amplify and forward relaying, respectively. The proposed scheme improves the performance compared with that of the conventional schemes. Note that the performance of the proposed scheme is still better than that of the other schemes even in the low S NR region, although the proposed source and relay precoders are derived in the high S NR regime.
For the dual downlink relay systems, the achievable sum rate of the proposed scheme is compared with that of the relaying scheme proposed in [6] (see Fig. 3 ). In [6] , the proposed scheme iteratively findsT,F, andW and requires all channel information at the destination nodes. Even though the destination nodes require only the relaydestination channel information G in our scheme, the proposed scheme shows better performance than that of the relaying scheme in [6] . 
Conclusion
We have addressed uplink and dual downlink relay systems in this letter. Given power constraints at the relay and the source nodes, we proposed a suboptimal source-relaydestination joint design scheme in the uplilnk relay systems. We also proposed a joint design scheme for downlink relay systems by exploiting the uplink and downlink duality of relay systems. Through simulation results, we confirmed that the proposed scheme shows better performance than that of the conventional MIMO relaying schemes in both uplink and downlink relay systems.
